The success of this new species is tied to its unique molecular architecture. Compared to the simpler B-N containing molecules ammonia borane and trimethylamine borane, MIDA esters are much larger, and the sp 3 hybridized boron atom is secured by two five membered rings, making this molecular class stable for spectroscopic study. Here, we present infrared, Raman, and surface enhanced Raman (SERS) spectra of methylboronic acid MIDA ester. Comparisons of the spectroscopic results to those from electronic structure calculations suggest that the B-N stretching mode in this molecule lies in the range 560-650 cm −1 , making it among the lowest energy vibrations observed to date that can be primarily attributed to B-N stretching.
Introduction
The formation of many important biological polymers and macromolecules, as well as various synthetic materials, relies on iterative coupling of pre-assembled building blocks. The purpose of having these building blocks is to generalize and simplify the various methods of syntheses of large molecules. 1 These processes are efficient and flexible, whereas the syntheses of smaller molecules are much more involved. A solution to the difficulty involved in synthesizing these smaller molecules is to employ boronic acids. Boronic acids are indeed very useful building blocks for organic syntheses. 2 For example, the Suzuki-Miyaura reaction between an organohalide and a boronic acid is a powerful tool in generalizing the method for C-C bond formation in the synthesis of complex molecules. An underlying problem, however, involves reaction scheme incompatibilities between most synthetic reagents. An often employed solution to this incompatibility is to use boronic ester counterparts. These are more compatible with many synthetic schemes, although liberation of the boronic acid requires harsh conditions that interfere with the synthetic substrates.
Burke and co-workers recently developed a new class of molecules that allow for milder reac-tion conditions. This was accomplished through complexation of the boronic acid with a trivalent ligand, N-methyliminodiacetic acid (MIDA). [1] [2] [3] This rehybridizes the boron center to sp 3 , dramatically increasing the stability of the boronic acid and allowing for the synthesis of complex molecules to take place. The MIDA esters are unreactive under anhydrous cross-coupling conditions, stable in air, and can be deprotected easily using mild aqueous basic conditions. This new molecular class serves as the first general solution where both benchtop stability and the capacity for in situ slow release of the boronic acids is included. [1] [2] [3] The key to the success of these molecules as synthetic reagents is the B-N dative bond. The stability of the MIDA esters also makes them ideal candidates for studying B-N dative bonds spectroscopically. Here, we compare experimental infrared, Raman, and surface enhanced Raman spectroscopy (SERS) spectra of methylboronic acid (MBA) MIDA ester (structure shown in Figure 1 ) to theoretical predictions in an effort to describe the physical properties of the B-N dative bond contained in this molecule. Ammonia borane and trimethylamine borane (structures shown in Figure 1 ) are simple prototypes that have been studied extensively to investigate dative B-N bonding interactions. Throughout the years, there have been many different attempts to assign the B-N dative bond stretching frequency in these and similar molecules. In 1957, Rice and co-workers experimentally recorded Raman and infrared spectra of liquid trimethylamine borane and assigned the B-N stretch-ing motion to a peak at 1255 cm −1 . 5 A year later, Taylor, et al. pointed out that the few already recorded spectra of amine boranes had an unexpectedly high value for the B-N stretch. 6 had been previously assigned to between 980 and 1255 cm −1 . These authors asserted that the stretching frequency should be much lower in energy. As a result, they assigned the B-N stretch in trimethylamine borane to 667 and in ammonia borane to 785 cm −1 . 6, 8 In 1965, Sawodny, et al. measured the vibrational spectrum of ammonia borane (BH 3 NH 3 ) in the solid state and assigned the B-N stretch at 776 cm −1 . 9 Odom and co-workers realized in 1974 that the B-N stretch of trimethylamine borane should be in the same spectral window as C-N stretches. Together with the low intensity of this normal mode in infrared spectra, confusion with the assignment of this vibration in earlier studies is not surprising. 13 Odom suggested that Raman spectroscopy is likely a better method than infrared to observe B-N stretching modes, and the authors re-assigned the B-N stretch in trimethylamine borane to 660 cm −1 .
In 1995, Vijay and co-workers performed a theoretical study on ammonia borane using various basis sets and levels of theory to ascertain which level of theory best agreed with the already available experimental spectra. 23 The authors utilized Taylor's assignment of the B-N stretch at 785 cm −1 as the experimental value to which they compared. 6, 8 They suggested that the SCF method, which predicted a B-N stretch between 617 cm −1 and 625 cm −1 , underestimated experimental observations and could not accurately describe the B-N bond in ammonia borane, even with extended basis sets. At the MP2 level, which predicted the B-N stretch between 678 cm −1 and 690 cm −1 , the use of larger basis sets with more diffuse functions also did not improve the agreement between experiment and theory with regards to the location of the B-N stretching frequency. Calculations performed using the QCISD method lowered the energy of the B-N stretching motion by 13 cm −1 compared to MP2, but the authors recommended the use of the CCSD(T) coupled cluster method with large basis sets, which they could not perform at the time due to disk space limitations. Here, we present experimental vibrational spectra of MBA MIDA ester using a variety of vibrational spectroscopic methods. Compared to the simpler B-N containing molecules ammonia borane and trimethylamine borane, MBA MIDA ester is much larger, and the sp 3 hybridized boron atom is secured by two five membered rings, making it stable for spectroscopic study. We compare our experimental spectra with the results of ab initio calculations using both the MP2 and M06-2X methods and different sized basis sets in order to assign the location of the B-N stretching frequency of the dative bond in MBA MIDA ester.
Experimental and Theoretical Methods

Spectroscopic Methods
Methylboronic acid MIDA ester was obtained from Sigma-Aldrich and was used for the Raman, SERS, and infrared experiments presented here without any further purification. Raman spectra of MBA MIDA ester were obtained using 514.5 nm and 676.4 nm laser lines from Argon or Krypton ion lasers. A Ramanor HG2-S Raman scanning spectrometer was employed to acquire Raman spectra using the 514.5 nm line from an Ar ion laser. A Nachet NS 400 microRaman setup was used to analyze the sample with an incident laser power of 300 mW at the sample, and a 0.5 cm −1 /s scan speed was employed over the range of 0-4000 cm −1 . Spectra were acquired and interpreted using a custom computer program written using National Instruments LabView. A Jobin-Yvon T64000 Raman spectrometer with CCD detection was used to aquire Raman spectra using the 676.4 nm line from a Kr ion laser. Infrared spectra were acquired in a salt pellet using a Bruker IFS 66 spectrometer with 1024 scans with 1 cm −1 resolution.
The SERS substrates created to study MBA MIDA ester were fabricated using a vacuum deposition chamber. Pressures in the deposition chamber were approximately 1 x 10 −6 torr throughout the deposition process. Glass slides were cleaned and then coated with silver island films to 7 nm at a deposition rate of 0.02 nm/s. MBA MIDA ester was deposited on the SERS active substrates from solutions in various solvents via the drop method. SERS spectra were acquired using the 514.5 nm line from a Coherent Innova Ar ion laser providing approximately 300 mW of power at the sample. The microRaman setup described above was used to collect and analyze the scattered light.
Theoretical Methods
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Results
Spectroscopic Results
Infrared and Raman spectra of MBA MIDA ester are presented in Figure 2 . Raman spectra acquired using the 514.5 nm Ar ion laser line exhibited a very large, polynomial-shaped background.
In 2007, Zhao, et al. proposed a solution for eliminating the fluorescence background common in Raman spectra by implementing an automated background subtraction algorithm employed while Raman spectra were being collected. 65 Following that suggestion, we fitted a polynomial to the baseline of the raw spectra and subtracted it. The resulting spectrum for the 514.5 nm excitation (shown in Figure 2 It is observed that the positions of the peaks in the Raman and infrared experimental spectra agree closely with one another. However, at the lower energy end of the spectrum, the vibrational modes in the Raman spectra are relatively more pronounced than they are in the infrared spectrum. This is consistent with the earlier observations by Odom and co-workers in the case of trimethylamine borane. 13 The opposite is true in the central part of the spectra where peaks in the infrared spectrum are more prominent than in the Raman. The carbonyl stretches at 1700 cm −1 correlate well with one another in both Raman and infrared, appearing as a doublet, as do the location of the C-H stretches. The carbonyl stretching region represents the most intense features in the infrared spectrum. The C-H stretches at 2900 -3050 cm −1 have a greater intensity in the 514.5 nm excited Raman spectrum than in the 676.4 nm Raman or infrared spectra. Also, there are additional peaks evident in the Raman spectrum using 514.5 nm excitation that are not observed when employing 676.4 nm.
SERS Results
Surface-Enhanced Raman Spectroscopy (SERS) was employed for enhancing the Raman peaks in the spectrum of MBA MIDA ester and to explore possible interactions with a silver substrate. It was observed that the choice of solvent had a great effect on the resulting SERS spectrum. 66 For example, SERS spectra acquired using varying concentrations of MBA MIDA ester in methanol showed no significant peaks. Results using acetone were much more pronounced and are shown in Figure 3 . The prominent peaks in the SERS spectrum indicate that the apparent fluorescence background has been quenched to some extent. However, the SERS continuum, the sloping baseline present in many SERS spectra, is evident in the spectrum presented here. Recent studies suggest that this continuum may be of physical importance, arising from surface-enhanced fluorescence. 67, 68 The peaks in Figure 3 , using the 676.4 nm laser line, correlate well with the peaks in the SERS spectrum, suggesting that MBA MIDA ester was likely physisorbed to the SERS substrate. Visible exceptions include the broad feature observed at 1000 cm −1 and a prominent peak at 1126 cm −1 , which is marked with an asterisk. The prominence of these features suggest an intimate interaction between MBA MIDA ester and the silver substrate. By comparison with theoretical predictions, most peaks in this region of the vibrational spectrum correlate to motion of the nitrogen atom and its three neighboring CH n groups. The intensity of this peak may point to an interaction between the nitrogen atom and silver atoms in the substrate in some of the MBA MIDA ester molecules. [69] [70] [71] 
Theoretical Results
To aid in the characterization of normal modes in the experimental spectra and to help characterize the structure of MBA MIDA ester, quantum chemistry computations were performed using a variety of method and basis set combinations. The B-N bond lengths are listed in Table 1 for each level of theory. For a given basis set, the MP2 and M06-2X bond lengths differ by only 0.02 Å.
Harmonic vibrational frequencies were also computed, and analysis of the corresponding TEDs reveals that only one mode has significant B-N stretching character (simple internal coordinate S 1 ).
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Discussion
There has been great controversy over the assignment of B-N stretching frequencies in the past.
Reasons for this disagreement include the instability of the molecules studied and the poor correlation between theoretical methods and earlier experiments. Shown in Figure 4 experimentally there are four peaks, one of which appears as a shoulder at 617 cm −1 in the Raman spectrum but is clearly visible in the infrared. Both MP2 and M06-2X predict four peaks in this spectral window, which accounts for all of the experimentally observed peaks. A direct comparison of the MP2/6-311G(2d f , 2pd) and experimental spectra suggests that the mode with the greatest B-N stretching character is likely the experimentally observed peak at 608 cm −1 , while M06-2X/6-311G(2d f , 2pd) frequencies suggest that it is the experimental peak at 568 cm −1 . The close proximity of experimental peaks in this region makes it difficult to assign this mode to a specific experimental peak, but our computational results indicate that the mode with the greatest amount of B-N stretching character appears in this spectral window. Assignment to the experimental peak at 608 cm −1 , using the MP2 results as a guide, would yield an experimental wavenumber value that is actually higher than that for the calculated harmonic vibrational frequency. The M06-2X/6-311G(2d f , 2pd) results suggest the B-N stretching mode is most likely associated with the peak at 568 cm −1 , slightly below the computed harmonic value of 579 cm −1 . Although these results preclude a definitive assignment of the B-N stretching mode, the correlation between the computed spectra and experimentally observed peaks strongly suggest that the vibrational mode dominated by the B-N stretch is one of the four peaks in the range 560 -650 cm −1 . This observation makes it one of the lowest, if not the lowest, energy vibrations observed to date that can be primarily attributed to B-N stretching.
Conclusions
Comparison of experimental infrared, Raman, and SERS spectra of methylboronic acid MIDA ester with theoretical predictions suggests that the vibrational mode with the most significant B-N dative bond stretching character in this molecule occurs in the range of 560 -650 cm −1 . In MBA MIDA ester, this mode is very localized and predominantly due to one motion, a surprising result for such a large and constrained molecule. This spectral assignment makes it one of the lowest, if not the lowest, experimentally observed B-N stretching modes. SERS spectra also exhibit an enhanced peak at 1126 cm −1 , indicating a possible interaction of the nitrogen atom with the silver surface.
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